The chemokine SDF-1 plays a central role in the repopulation of the bone marrow (BM) by circulating CD34 + progenitors, but the mechanisms of its action remain obscure. To extravasate to target tissue, a blood-borne cell must arrest firmly on vascular endothelium. Murine hematopoietic progenitors were recently shown in vivo to roll along BM microvessels that display selectins and integrins. We now show that SDF-1 is constitutively expressed by human BM endothelium. In vitro, human CD34 + cells establish efficient rolling on P-selectin, E-selectin, and the CD44 ligand hyaluronic acid under physiological shear flow. ICAM-1 alone did not tether CD34 + cells under flow, but, in the presence of surface-bound SDF-1, CD34 + progenitors rolling on endothelial selectin rapidly developed firm adhesion to the endothelial surface, mediated by an interaction between ICAM-1 and its integrin ligand, which coimmobilized with SDF-1. Human CD34 + cells accumulated efficiently on TNFactivated human umbilical cord endothelial cells in the absence of SDF-1, but they required immobilized SDF-1 to develop firm integrin-mediated adhesion and spreading. In the absence of selectins, SDF-1 also promoted VLA-4-mediated, Gi protein-dependent tethering and firm adhesion to VCAM-1 under shear flow. To our knowledge, this is the first demonstration that SDF-1 expressed on vascular endothelium is crucial for translating rolling adhesion of CD34 + progenitors into firm adhesion by increasing the adhesiveness of the integrins VLA-4 and LFA-1 to their respective endothelial ligands, VCAM-1 and ICAM-1.
Introduction
Transplanted human hematopoietic stem cells must retain specific adhesive capacity to interact with the vascular endothelium that lines the bone marrow (BM) (1) (2) (3) . The mechanisms by which these cells home to and engraft the BM are still obscure. Murine hematopoietic progenitors (HPCs) have been shown to interact in vivo with both P-selectin and E-selectin on vascular endothelium of murine BM (4) . In addition, VCAM-1 has been shown to support rolling of HPC on BM endothelium in the absence of endothelial selectins (4) . Nevertheless, optimal recruitment of HPC to the BM requires the combined action of both selectins and VCAM-1 (5) . Thus, the initiation of primary rolling adhesion of blood-borne cells to the lining of the BM microvessels under shear flow is critical for the recruitment of HPC to the BM. HPC rolling on BM endothelium is likely to be accompanied by a coordinated sequence of adhesive and activation events leading to cell arrest, a key step in the successful extravasation of blood-borne cells to extravascular beds (6, 7) . In these prior studies, the mechanisms by which HPCs develop firm adhesion to BM endothelium in the presence of physiological shear flow have not been elucidated.
We recently established a key role for the chemokine SDF-1 and its receptor CXCR4 in murine BM engraftment by human severe combined immunodeficiency (SCID) repopulating stem cells (8) . In light of the growing evidence that chemokines can regulate the arrest of leukocytes on blood vessels through integrin-dependent interactions with IgSF ligands, we asked whether SDF-1 regulates CD34 + progenitors interaction with BM endothelium, and if so, how. We now report that human BM endothelium constitutively expresses high levels of SDF-1. Using in vitro flow chamber assays, we have tested the specific effects of SDF-1 on the ability of human cord blood CD34 + progenitors to initiate rolling interactions and arrest on human vascular endothelium and on isolated endothelial receptors, including E-selectin, P-selectin, ICAM-1, and VCAM-1, which have all been shown to be constitutively expressed on both murine and human BM endothelium (9) . Our results suggest that SDF-1 is a key player Cells. The human experimentation and ethics committees of The Weizmann Institute of Science approved the use of human cells according to the indicated procedures. Human cord blood cells were obtained from full-term deliveries. The blood samples were diluted 1:1 in PBS and supplemented with 1% FBS (Biological Industries, Bet Haemek, Israel). Low-density mononuclear cells were collected after standard separation on Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden), and then washed in RPMI with 1% FCS. Enrichment of human CD34 + cells was performed with a magnetic bead separation kit (miniMACS; Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. The purity of the enriched CD34 + cells was higher than 95%, as confirmed by cytofluorometry. Human peripheral blood lymphocytes (PBL) obtained from healthy donors were isolated from citrate-anticoagulated whole blood by dextran sedimentation and density separation over Ficoll-Hypaque (17) . The mononuclear cells thus obtained were washed and further purified on nylon wool. The resulting PBL consisted of more than 90% CD3 + T lymphocytes.
Human umbilical cord endothelial cells (HUVEC) were isolated from umbilical cord veins according to the method of Jaffe et al. (18) . The cells were then pooled and established as primary cultures in M199 containing 10% FCS, 8% pooled human serum, 50 µg/mL endothelial cell (EC) growth factor (Sigma Chemical Co.), porcine intestinal heparin (10 U/mL; Sigma Chemical Co.), and antibiotics. Primary cultures were serially passaged (1:3 split ratio), and passages 2 and 3 were used for adhesion experiments.
Preparation of adhesive substrates and HUVEC monolayers. Laminar flow adhesion assays were performed as described previously (19) . The various adhesion proteins were diluted at the indicated concentrations in coating medium (PBS buffered with 20 mM bicarbonate at pH 8.5) and were adsorbed as 20-µL spots on polystyrene plates (60 × 15 mm; Becton Dickinson and Co., Lincoln Park, New Jersey, USA), either for 2 hours at 37°C (sVCAM-1) or overnight at 4°C (P-selectin, ICAM-1, HA, or chondroitin sulfate). sVCAM-1 was coated at 1-10 µg/mL in the presence of 2 µg/mL HSA carrier. The plates were then washed 3 times with PBS and blocked with HSA (20 mg/mL in PBS) for 2 hours at room temperature. To co-coat the adhesive spots with SDF-1, washed plates were coated with 2-10 µg/mL SDF-1 in PBS for 30 minutes at room temperature before being blocked with HSA. Substrates coated with either P-selectin-or E-selectin-IgG fusion proteins were prepared as described previously (20) . Protein A (20 µg/mL in coating medium) was spotted onto a polystyrene plate and the substrate was blocked with 2% HSA in PBS. The protein A substrate was overlaid overnight at 4°C with supernatant containing 1-2 µg/mL of selectin fusion protein. All substrates were washed 5 times with PBS and blocked with 2% HSA in PBS before use. The plates were assembled as the lower stage of a parallel plate laminar flow chamber (260-µm gap) and mounted on the stage of an inverted phase contrast microscope (Diaphot 300; Nikon Inc., Tokyo, Japan) as described previously (19, 21) . All flow experiments were performed at 37°C; temperature was maintained by warming the microscope stage with heating lamps in a humidified atmosphere. For adhesion experiments on resting or activated EC, primary HUVEC (passage 2 or 3) were plated at confluent density for 1 hour on FALCON tissue culture plates (Becton Dickinson UK Ltd., Plymouth, United Kingdom) spotted with human fibronectin (25 µg/mL in PBS). Nonadherent EC were gently rinsed out and adherent cells were grown on the fibronectin-coated spots for 24 hours before cytokine treatment. The EC monolayers were left intact or were stimulated for 18 hours with heparin-free culture media supplemented with TNF-α (2 ng/mL, 50 units/mL; R&D Systems Inc.). Before assays, the various EC-coated plates were washed 3 times with binding medium and assembled to form the lower wall of the flow chamber, where a portion of the monolayer (5 × 30 mm) was exposed to flow. The monolayer was perfused with 1 mL of binding medium to remove nonadherent material. CD34 + cells or PBL were perfused through the chamber at controlled flow rates, and cellular interactions on 2-4 different fields of view (each with an area of 0.17 mm 2 ) were viewed through an objective lens (×10 or ×4). The perfusion periods were recorded in their entirety on videotape with a long-integration LIS-700 CCD video camera (Applitech, Holon, Israel) and an SVHS video recorder with time-lapse (AG-6730; Panasonic, Osaka, Japan).
Analysis of cell accumulation and resistance to detachment and rolling at elevated shear stress. Freshly isolated cells were stored at room temperature in H/H medium (cation-free HBSS containing 10 mM, pH 7.4 HEPES, and 2 mg/mL BSA) for up to 2 hours before use in the adhesion assays. CD34 + cells or PBL were resuspended at 5 × 10 5 to 5 × 10 6 cells/mL in binding medium (H/H supplemented with Ca 2+ and Mg 2+ at 1 mM each), and then perfused through the flow chamber at the desired shear stress. In all flow experiments using substrates coated with purified selectins, the binding medium included only 2 mM Ca 2+ . Shear stress was generated with an automated syringe pump (Harvard Apparatus Co., South Natick, Massachusetts, USA) attached to the outlet side of the flow chamber. For antibody inhibition studies, 2.5-5 × 10 6 cells/mL were preincubated for 5 minutes at 4°C in H/H medium with the mAb of interest (20 µg/mL), and then diluted 5-fold with warm binding medium (H/H medium containing 1 mM Ca 2+ and 1 mM Mg 2+ ) without washing out the antibodies. Intact or treated cells were perfused into the flow chamber at the desired flow rate. Adherent cells that had accumulated in the field of view during a 45-second perfusion period at a wall shear stress of 0.75 dyn/cm 2 or 1 dyn/cm 2 were subjected to detachment by incremented flow. The wall shear stress was increased stepwise every 5 seconds with a programmed set of flow rates delivered by the syringe pump. The first 3 increments were of 0.5 dyn/cm 2 each; these were followed by 3 successive increments of 1 dyn/cm 2 , 3 increments of 2 dyn/cm 2 , and 3 increments of 3 dyn/cm 2 . All cells accumulating under flow on the adhesive substrates were manually tracked by analysis of images replayed directly from the monitor screen. During the detachment assay, the number of cells that remained bound at the end of each 5-second interval of incremented shear was expressed relative to the number of cells that accumulated on the adhesive ligand at the end of the first 45-second accumulation period. Detachment assays on HA were performed with CD34 + cells that bound at stasis to HA-coated plates for a 30second period; bound cells were then subjected to wall shear stresses that were increased stepwise every 5 seconds as described above. The contribution of cells rolling into the observation field from upstream fields was minimized by locating the field at the upstream edge of the spot of adsorbed ligands. Fractions of rolling or stationary (arrested) cells within the cells adhered to the adhesive substrates were determined at different shear stresses during the detachment experiment. Rolling velocities were determined for cells during the incremented shear assay by analysis of cell displacements over 3-4 seconds.
Analysis of categories of tethered cells. In some cases, the motion of cells that were stably tethered to the adhesive substrate at a shear stress of 1 dyn/cm 2 was monitored from the initial tether point until the cell came to full arrest. Three categories of stable cell tethers to the adhesive substrates were defined. Tethers were defined as rolling motions if rolling persisted as the cell was subjected to increments of shear stress (each lasting 5 seconds) up to a shear stress of 2.5 dyn/cm 2 . Spontaneous arrests during rolling were defined as cells tethered at 1 dyn/cm 2 that came to irreversible arrest during 5-40 seconds of rolling at 1 dyn/cm 2 and that remained arrested when subjected to increments of shear stress up 2.5 dyn/cm 2 . The final category consisted of cells that, immediately upon tethering to the ligand-coated substrate under a shear stress of 1 dyn/cm 2 , came to full arrest and remained adherent up to a stress of 2.5 dyn/cm 2 . In each experiment, all events were normalized to a constant number of cells in the population that came into immediate proximity with the substrate.
Statistical analysis. Data are expressed as mean ± SD or mean ± SEM. Statistical comparison of means was performed by a 2-tailed unpaired Student's t test.
Results

SDF-1 is displayed constitutively by human BM endothelium.
The potential role of SDF-1 in human CD34 + progenitor adherence to BM endothelium has been studied in this work. We immunohistologically assayed the expression of SDF-1 by EC in biopsies of human BM. SDF-1 was expressed at high levels by BM venules. Anti-SDF-1 mAb reacted with EC lining the BM venules ( Figure  1a , arrow), capillaries (Figure 1b , arrow), and sinusoids (data not shown), all of which have been recently report-ed to support stem cell rolling at sites of progenitor HPC emigration within the BM (22) . These results suggest a key role for SDF-1 in the regulation of CD34 + progenitor recruitment to the human BM. Chemokines are implicated in the conversion of rolling interactions of circulating leukocytes into integrin-mediated arrest and emigration (6, 7) . We therefore tested whether exposure of CD34 + cells to SDF-1 may drive rolling progenitors to develop firm adhesion to endothelial integrin ligands under physiological shear flow.
Human CD34 + cells tether and roll on endothelial selectins and HA at physiological shear stresses. The potential for human CD34 + cells to roll on endothelial selectins expressed on BM vessel walls under physiological shear flow has not been studied before. We first characterized the efficiency by which CD34 + progenitors interact with purified selectins in vitro using parallel plate flow chamber assays designed to simulate the wall shear forces that exist in the BM microvasculature (4). Highly purified human CD34 + progenitors isolated from fresh cord blood were perfused over surfaces coated with physiological densities of endothelial selectins, either native or in the form of recombinant IgG fusion proteins. CD34 + cells express high and uniform levels of PSGL-1, the major P-selectin ligand, and highly heterogeneous levels of the cutaneous lympho-cyte antigen (Figure 2a ), a carbohydrate ligand whose expression on leukocytes closely correlates with their E-selectin binding activity (23) (24) (25) . FACS ® staining with an E-selectin-IgM chimera failed to detect highaffinity E-selectin ligands on human HPC, but revealed high-affinity ligands to a P-selectin-IgM chimera (26) . Nevertheless, a similar fraction of CD34 + cells accumulated on both P-selectin and E-selectin substrates under different physiological shear stresses ranging between 0.5 dyn/cm 2 and 2.5 dyn/cm 2 ( Figure  3a ). All CD34 + cells tethered under flow to both selectins continued to roll on the selectins either immediately or when shear stresses were elevated (Figure 3b ). Ca 2+ chelation by EGTA abolished all adhesive interactions between CD34 + cells and P-selectin or Eselectin ( Figure 4a and data not shown). Pselectin-mediated rolling of CD34 + cells was exclusively mediated by PSGL-1, the major P-selectin ligand on leukocytes (27, 28) . This was confirmed by blocking CD34 + cell rolling on P-selectin with specific mAb to PSGL-1( Figure 4a ). When CD34 + cells accumulated on P-selectin or E-selectin were subjected to detachment by elevated shear forces, a higher fraction of CD34 + progenitors remained adherent to E-selectin than to P-selectin ( Figure 3a ). This was associated with a rolling velocity of CD34 + cells that was 2-to 2.5-fold lower on E-selectin than on P-selectin at every shear flow tested ( Figure 3b ). CD34 + cell rolling velocities on P-selectin increased by 50-80% when the site density of the selectin was reduced 2-fold ( Figures 3b and 4b ). However, neither P-selectin-mediated nor Eselectin-mediated rolling velocities varied with shear stress (Figures 3b and 4b ). CD34 + cell rolling was comparable on both recombinant and native plateletderived P-selectin ( Figure 4b ). The slower rolling and higher resistance to detachment of CD34 + cells adhered to E-selectin suggest that CD34 + cells express higher levels of adhesive ligands to E-selectin than adhesive ligands to P-selectin. CD34 + cells express moderate levels of L-selectin (29) . Previously, L-selectin interactions with leukocyte ligands (including PSGL-1) were shown to prime homotypic interactions between myeloid cells and to augment secondary adhesion of circulating cells to adherent leukocytes and endothelium (30) (31) (32) . In spite of the coexpression of functional PSGL-1 and L-selectin by CD34 + cells, we did not observe homotypic interactions between progenitors under any shear flow tested. These results and the previous findings by Mazo et al. (4) demonstrating the lack of endothelial ligands for L-selectin in the BM vasculature suggest that L-selectin plays little if any role in either primary or secondary adhesion of human CD34 + progenitors on the BM endothelium.
Blocking of the vascular receptor CD44 on HPC has been shown to interfere with their engraftment in mouse BM (1) . CD44 can support rolling interactions of tumor cells and subsets of activated lymphocytes on its carbohydrate ligand, hyaluronate, as well as on activated vascular endothelium (33) (34) (35) . Although high and uniform CD44 levels were detected on human CD34 + cells (Figure 2a ), only a fraction of cells adhered to purified HA; yet all adherent cells could roll on the CD44 ligand when subjected to elevated shear stresses ( Figure  3c ). CD34 + cell rolling on HA was entirely CD44 dependent, as verified by mAb blocking, and did not require divalent cations as did selectin-mediated rolling (data not shown). A fraction of cells arrested on HA without rolling even at elevated shear stresses, but more than 70% of the cells that remained adherent to HA in high physiological shear flow rolled on the CD44 ligand ( Figure 3c ). Adherent cells rolling on high-density HA were as resistant to detachment by physiological shear stresses as those with E-selectin-mediated rolling were (Figure 3 , a and c); rolling velocities were comparable for E-selectin and CD44 (Figure 3 , b and c). Neither CD34 + progenitors nor CD44-expressing lymphocytes adhered to other glycosaminoglycans such as heparin and chondroitin sulfate, which were identically immobilized on the substrate (data not shown). This is consistent with the notion that the bond between CD44 and HA is specialized in mediating rolling adhesions under shear flow. Nevertheless, CD44 failed to promote initial CD34 + progenitor tethering to HA at shear stresses higher than 1 dyn/cm 2 , in contrast to tethering to Eselectin and P-selectin ( Figure 3a and data not shown). This suggests that CD44 interactions with HA are unlikely to take place in the absence of endothelial selectins, which are obligatory for initial cell tethering to BM endothelium. CD34 + cells express moderate levels of the P-selectin ligand PSGL-1 (Figure 2a ). PBL express about 10-fold higher levels of PSGL-1, as determined by FACS ® staining (data not shown). However, only a portion of the protein is properly glycosylated and can bind P-selectin (36) . It was therefore necessary to compare the level of adhesiveness to P-selectin of CD34 + cells and fresh PBL under physiological shear flow. Although similar fractions of CD34 + cells and PBL accumulated at low physiological flow on P-selectin ( Figure 4a ), CD34 + cells rolled on the selectin at significantly reduced velocities compared with PBL ( Figure 4b ). CD34 + cells also resisted detachment from P-selectin by elevated shear stresses more effectively than did PBL (data not shown). Because slower rolling and higher resistance to detachment correspond to a higher number of adhesive bonds (37) , these data collectively suggest that CD34 + cells express more functional P-selectin ligands than do freshly isolated adult T lymphocytes.
SDF-1 triggers LFA-1-mediated firm adhesion to ICAM-1 of CD34 + cells and PBL rolling on P-selectin. All CD34 + cells express moderate levels of the integrin LFA-1 ( Figure  2b ). In stasis, strong LFA-1-dependent adhesion of CD34 + cells to the major LFA-1 ligand ICAM-1 could be induced with short pretreatment with agonists such as phorbol esters and the LFA-1-activating mAb TS2.1 (data not shown). In contrast to the efficient attachment with which CD34 + cells tethered to endothelial selectins, CD34 + cells failed to adhere to substrates coated with ICAM-1 under physiological shear flow ( Figure 5a ) or at stasis (data not shown). However, when ICAM-1 was coimmobilized with P-selectin (Pselectin/ICAM-1), it supported efficient CD34 + cell tethering under physiological shear flow ( Figure 5a ). Nevertheless, the vast majority of tethered and rolling cells failed to spontaneously arrest on the substrate. The presence of ICAM-1 did not increase the percentage of CD34 + cells tethering to the substrate, which was comparable to that seen on P-selectin alone (data not shown). Short pretreatment of CD34 + cells with soluble SDF-1 for 1 minute did not increase the rate of cell tethering to the P-selectin/ICAM-1 substrate at 1 dyn/cm 2 , but caused about 30% of the cells accumulating on the adhesive substrate to arrest on the Pselectin/ICAM-1 substrate (Figure 5a ). However, these arrested CD34 + cells did not develop firm adhesion to the substrate -at elevated shear stresses they exhibited poor resistance to detachment and resumed rolling, as did CD34 + cells accumulated and rolling on identi- cal P-selectin/ICAM-1 substrates in the absence of SDF-1 (Figure 5b ). Prolonged pretreatment of CD34 + cells with saturating levels of SDF-1 (1 µg/mL for up to 5 minutes) caused cell aggregation or deformation and reduced CD34 + progenitor accumulation on identical adhesive substrates (data not shown). In contrast to cells treated with soluble SDF-1, cells tethered to Pselectin/ICAM-1 substrate containing immobilized SDF-1 developed high adhesiveness to the substrate. About 60% of the cells accumulating on the Pselectin/ICAM-1/SDF-1 substrate came to full arrest either immediately or after a short period of rolling on the substrate (Figure 5a ), and remained firmly adhered to the substrate even when the shear stress was elevated to the supraphysiological level of 15 dyn/cm 2 (Figure 5b) . The resistance to detachment by elevated shear stresses of cells tethered to P-selectin/ICAM-1 substrate containing immobilized SDF-1 was far greater than that of cells accumulated in flow on P-selectin/ICAM-1 alone or after treatment with soluble SDF-1 ( Figure  5b) . At all shear stresses tested, the vast majority of adherent cells remained arrested on the adhesive substrate that contained immobilized SDF-1 (Figure 5b and data not shown), but none of the cells adhering to the P-selectin/ICAM-1 substrate remained arrested in the absence of SDF-1 (Figure 5b ). CD34 + cells accumulating on P-selectin/ICAM-1 substrate containing immobilized SDF-1 also readily spread on the substrate, whereas little or no spreading was detected of unstimulated CD34 + cells or of cells stimulated with soluble SDF-1 adhering to the P-selectin/ICAM-1 substrate (data not shown). Immobilized SDF-1 alone, on the other hand, failed to tether CD34 + cells under shear flow, although it slightly enhanced the attachment of CD34 + cells to ICAM-1 substrates (Figure 5a ). In contrast to its dramatic effect on the conversion of rolling adhesions to firm arrests on P-selectin/ICAM-1, immobilized SDF-1 elevated only marginally the number of cells that initially accumulated on P-selectin/ICAM-1 (Figure 5b ). Similar results were obtained with PBL: under identical experimental conditions, the vast majority of PBL rolling on P-selectin came to full arrest either immediately or after a short rolling period on the P-selectin/ICAM-1 substrate only when in the presence of coimmobilized SDF-1 (Figure 5a ). Immobilized SDF-1 also stimulated firm, shear-resistant adhesion of PBL to the P-selectin/ICAM-1 substrate (Figure 5b) ; this adhesion was blocked by treatment with LFA-1-specific mAbs (data not shown). These experiments demonstrate a considerable synergy among P-selectin, ICAM-1, and immobilized SDF-1 with respect to the ability of CD34 + cells and of fresh lymphocytes to develop firm LFA-1-mediated arrest subsequent to rolling on P-selectin. Because soluble SDF-1 failed to stimulate LFA-1 adhesiveness with comparable efficiency to immobilized SDF-1, regardless of the time course of treatment, presentation of the chemokine on the adhesive surface appears to be crucial for its activity in stimulating firm integrin adhesion under physiological shear flow.
VLA-4 supports stable tethering of CD34 + cells to VCAM-1 under flow that is augmented by SDF-1. VLA-4 is a key CD34 + stem cell integrin (Figure 2b) that has recently been shown to work in parallel with selectins in promoting primary rolling adhesions of murine HPC on BM endothelium (4). We therefore asked whether VLA-
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Figure 3
CD34 + cells roll on endothelial selectins and CD44 ligand under physiological shear flow. (a) Accumulation of CD34 + cells continuously perfused on substrates coated with E-selectin-IgG or P-selectin-IgG at stepwise incremented shear stresses; resistance of accumulated cells to detachment by elevated shear stresses. Cells were perfused for 45 seconds at 1 dyn/cm 2 , and then the flow was increased by stepwise increments every 5 seconds. The number of cells bound at the end of each interval of incremented shear stress was determined as described in Methods. Data points are presented as mean ± SD of 4 fields of view. Note that cells continued to attach to the substrate to a maximum shear stress of 3 dyn/cm 2 . Selectin-IgG fusion proteins were each coated at 4 µg/mL on substrate-immobilized protein A, yielding 130 sites/µm 2 of fusion protein, corresponding to 260 selectin sites/µm 2 . (b) Velocities of CD34 + cells rolling at representative shear stresses on the P-selectin-IgG or E-selectin-IgG substrate as described in a. Each mean value represents a minimum of 15 cells ± SEM, determined in 2 fields of view. (c) Effect of shear stress on the CD44-mediated rolling of CD34 + cells tethered to immobilized hyaluronan. CD34 + cells were allowed to settle for 30 seconds on HA (coated at 1 mg/mL) and then subjected to a shear stress of 0.5 dyn/cm 2 for 5 seconds, followed by 3 increments each of 0.5 dyn/cm 2 , 1 dyn/cm 2 , 2 dyn/cm 2 , and 3 dyn/cm 2 , with each increment lasting 5 seconds. The number of cells remaining adherent at the end of the indicated shear interval was determined in 4 representative fields and was expressed relative to the number of cells adhering to the HA-coated substrate at a shear stress of 2.5 dyn/cm 2 . The percentage of rolling cells within the adherent cells at low and high shear stresses is shown above the data points. The mean velocity of 20 CD34 + cells rolling on HA at representative shear stresses is shown in black squares below the graph. SEM of mean velocities determined at 6.5 dyn/cm 2 and 9.5 dyn/cm 2 were 2.8 µm/s and 2.7 µm/s, respectively. The data shown in a-c are representative of 3 independent assays using CD34 + cells from different donors.
4 on human CD34 + cells could support rolling adhesions on isolated VCAM-1, and whether SDF-1 could modulate VLA-4 adhesiveness to VCAM-1 under shear flow. Efficient tethering to VCAM-1 occurred at 0.75 dyn/cm 2 . This is a lower shear stress than that seen to allow CD34 + cell tethering to endothelial selectins, yet tethering efficiency of CD34 + cells was comparable to that of PBL under the same conditions (Figure 6a ). Initial tethering on VCAM-1 was completely inhibited by treatment with mAb against the α4 integrin subunit as well as by EDTA chelation of divalent cations (data not shown). Tethering and accumulation of CD34 + cells varied strongly with the concentration of VCAM-1 coating on the substrate (Figure 6a and data not shown). Tethering was diminished on VCAM-1 coated at 0.5 µg/mL and lower concentrations, suggesting that VLA-4-mediated cell adhesion to VCAM-1 is supported by multivalent VLA-4:VCAM-1 bonds. After tethering to high-density VCAM-1, CD34 + cells spontaneously arrested on the VLA-4 ligand without rolling, even at elevated shear stresses. In contrast, PBL established both rolling adhesions and spontaneous arrests on various VCAM-1 substrates (Figure 6a ; ref. 38 ).
To study the effect of SDF-1 on VLA-4-mediated accumulation and adhesion strengthening on VCAM-1 under shear flow, CD34 + cells were perfused at 0.75 dyn/cm 2 on a substrate coated with low-density VCAM-1, which alone was incapable of supporting CD34 + cell accumulation under shear flow (Figure 6b ). Brief preactivation of CD34 + cells with soluble SDF-1 failed to enhance the attachment of CD34 + cells or PBL to the VCAM-1 substrate. Reminiscent of the lack of effect of soluble SDF-1 on LFA-1 adhesiveness shown in Figure  6 , prolonged pretreatment of CD34 + cells with soluble SDF-1 deformed the cells and reduced their VLA-4-dependent tethering to a level below that of intact cells (data not shown). In sharp contrast, immobilized SDF-1 induced a high fraction of the CD34 + cells tethered to VCAM-1 at 0.75 dyn/cm 2 to immediately arrest on the VLA-4 ligand. All arrested cells developed high resistance to detachment by elevated shear forces (Figure 6b) . A major portion of cells also readily spread on the VCAM-1/SDF-1 substrate (data not shown). The strong proadhesive effect of immobilized SDF-1 was Gprotein sensitive, as shown by the fact that pertussis toxin treatment suppressed almost all SDF-1-stimulated adhesion to VCAM-1 (Figure 6c ). In contrast, MIP-1α , a stimulant of β1 integrin-mediated CD34 + cell adhesion to fibronectin (39), failed to enhance adhesion of cells to VCAM-1 under shear flow (Figure 6b ), although it stimulated VLA-4 adhesiveness of T cells to VCAM-1 under similar experimental conditions (data not shown). Platelet activating factor, a lipid stimulant of HPC differentiation (40) , similarly failed to enhance CD34 + cell adhesion when coimmobilized with VCAM-1 (data not shown). This may reflect the lower expression levels of MIP-1α and platelet activating factor receptors on CD34 + cells relative to the levels of the SDF-1 receptor CXCR4. Indeed, chemokine triggering of integrin adhesiveness under shear flow requires a high level of functional chemoattractant receptors (41) .
SDF-1 adsorbed onto TNF-activated HUVEC triggers firm adhesion of CD34 + cells under shear flow.
To elucidate the mechanism by which SDF-1 affects stem cell adhesiveness to endothelium under shear flow, we studied the interactions of cord blood-derived CD34 + progenitors with primary cytokine-activated HUVEC, a well-established vascular EC system. Upon cytokine activation, this endothelium expresses high levels of E-selectin, ICAM-1, and VCAM-1 (42, 43) , and supports rolling and firm adhesion of leukocytes under physiological shear flow (44) (45) (46) . Because the availability of human BM-derived EC is limited, we used this primary model as a surrogate for BM vascular endothelium. CD34 + cells accumulated efficiently on activated HUVEC under shear flow of 1 dyn/cm 2 , but failed to accumulate on resting HUVEC. The majority of CD34 + cells that accumulated on activated HUVEC at physiological shear flow started to roll on the endothelial monolayer when subjected to elevated shear stresses. CD34 + cell rolling on TNF-stimulated HUVEC was slow, with mean velocities similar to those observed in parallel experiments on purified E-selectin (data not shown). The majority of primary rolling adhesions to activated HUVEC were mediated by E-selectin (Figure 7a ). The remaining rolling interactions of CD34 + cells with TNF-activated HUVEC pretreated with an Eselectin-blocking mAb were eliminated by blocking VLA-4 function on CD34 + cells (Figure 7a ). Because VCAM-1 is the exclusive vascular ligand for VLA-4, these data suggest that endothelial VCAM-1 accounts for a small portion of CD34 + cell tethering and rolling in this vascular endothelium model, but together, VCAM-1 and E-selectin support all primary adhesions of CD34 + cells to TNF-activated HUVEC under physiological shear flow. Pretreatment of the activated endothelium with anti-P-selectin mAb did not interfere with CD34 + cell accumulation or rolling on the activated HUVEC, consistent with a lack of P-selectin, as verified by flow cytometry (data not shown). Lselectin ligands were also absent from the HUVEC cells tested in this study (data not shown), and appear to be absent from BM. Cytokine-activated endothelium expresses glycosaminoglycan ligands for CD44 that support rolling adhesions of lymphoid cells in a divalent cation-independent manner (35, 47) . However, pretreatment of CD34 + cells with a CD44-blocking mAb did not affect tethering or rolling of CD34 + cells on TNF-stimulated HUVEC, indicating that this EC model does not express CD44 ligands that are functional under shear flow. Rolling of CD34 + cells on TNF-activated HUVEC was also eliminated by chelation of Ca 2+ and Mg 2+ , consistent with exclusive roles for E-selectin and VLA-4, but not for CD44, in promoting rolling of CD34 + cells in this EC model. This is probably due to the absence of hyaluronan-like CD44 ligand on the lumenal surface of stimulated HUVEC under the experimental conditions. We next asked whether SDF-1 made available to flowing CD34 + cells on the lumenal surface of activated HUVEC can induce firm adhesion of CD34 + cells under shear flow. Because TNF-activated HUVEC do not produce endogenous SDF-1, soluble SDF-1 was overlaid on the cytokine-activated HUVEC monolayer for several minutes, and free chemokine was removed by extensive washing with binding medium. The presence of SDF-1 did not enhance CD34 + cell accumulation on stimulated EC, but did increase the percentage of CD34 + cells that, upon tethering and rolling on HUVEC, became firmly adherent and remained arrested even at high shear stresses (Figure 7a ). In the absence of SDF-1, 80% of the cells originally tethered to the TNF-activated EC continued to roll on it without coming to arrest ( Figure  7a ). SDF-1 also increased the resistance of cells to detachment or to clearance from the site of initial accumulation by accelerated rolling at elevated shear stresses (Figure 7b ). The proadhesive effects of SDF-1 on CD34 + cell adhesion to activated HUVEC were totally 1206
Figure 5
Tethering and rolling on P-selectin are prerequisites for SDF-1-triggered firm arrest of CD34 + cells on ICAM-1-containing surfaces. (a) CD34 + cell and T lymphocyte tethering to various adhesive substrates containing P-selectin, SDF-1, and ICAM-1 at a shear stress of 1 dyn/cm 2 .
Motions of individual cells tethered to the different substrates were monitored over a 45-second period, and were divided into 3 categories as described in Methods. The fraction of each category within each experimental group (i.e., rolling, rolling-associated arrests, and immediate arrests) is presented in the stacked bars. The categories were analyzed only for cells that remained bound to the substrate at a shear stress of 2.5 dyn/cm 2 . (b) Resistance to detachment by incremented shear stresses of CD34 + cells accumulated at 1 dyn/cm 2 on Pselectin/ICAM-1. The absolute numbers of cells accumulated during 1 minute at 1 dyn/cm 2 and the number of cells remaining bound at the end of a 5-second interval of each shear increment are depicted. The percentage of stationary (arrested) cells within the cells remaining bound at a median shear stress (7.5 dyn/cm 2 ) is shown in parentheses near the data points for each experimental group. ICAM-1 and SDF-1 were coated at 0.4 µg/mL and 10 µg/mL, respectively. P-selectin/ICAM-1 spots were prepared by mixing P-selectin and ICAM-1 in PBS/1% octyl glucoside and diluting the mixture in coating medium to final concentrations of 1 µg/mL and 0.5 µg/mL, respectively. Substrates were washed and then coated with SDF-1 as described in Methods. To assess the effect of soluble SDF-1, cells were preincubated in binding medium containing 1 µg/mL SDF-1 for 1 minute and perfused unwashed over the P-selectin/ICAM-1 substrate. Results shown in a and b are presented as mean of 2 determinations ± range. Sol., soluble; Imm., immobilized.
inhibited by pretreating the cells with pertussis toxin (Figure 7a ). TNF-stimulated HUVEC are known to produce various chemokines and lipid mediators, such as GRO and platelet activating factor (48) (49) (50) . However, pertussis toxin treatment of CD34 + progenitors had no effect on the low levels of spontaneous progenitor arrest on TNF-activated HUVEC that were observed in the absence of SDF-1 (Figure 7a and data not shown). Taken together, these results suggest that neither chemokines nor other Gi-protein stimulants produced by TNF-activated HUVEC trigger firm integrin adhesion of CD34 + cells to the endothelium under shear flow. Notably, firm adhesion of CD34 + cells triggered by endothelium-associated SDF-1 was fully integrin dependent -it could be blocked by a mixture of anti-LFA-1 and anti-VLA-4 mAbs (data not shown).
These results indicate that SDF-1 on activated HUVEC can stimulate CD34 + cell integrins under physiological shear flow. This stimulation is essential to translate selectin-mediated rolling into firm shear-resistant arrest of CD34 + cells on vascular endothelium expressing the integrin ligands ICAM-1 and VCAM-1.
Discussion
The BM microenvironment constitutes a homing compartment for transplanted human hematopoietic stem cells (1) (2) (3) . The microvasculature in most organs expresses endothelial selectins and vascular integrin ligands only upon exposure to inflammatory stimuli (4, 7). However, BM venules and sinusoids constitutively express both endothelial selectins and integrin ligands such as VCAM-1 and ICAM-1 (51, 52) , and have recently been shown to support rolling of HPC through these receptors (4, 5) . Although establishment of rolling adhesions on the lining of BM microvessels could be a critical step in the homing of HPC to the BM, firm adhesion between these cells and the BM is probably mandatory for successful extravasation, as shown in numerous studies on leukocyte trafficking from the blood to sites of inflammation or to lymphoid organs (6, 7) . Integrin-mediated firm arrest of human CD34 + progenitors could be crucial for these cells to initiate diapedesis through the vascular endothelium into the BM stroma. LFA-1 and VLA-4 are constitutively expressed by circulating cord blood CD34 + cells (53) , but occur largely in inactive states and must be functionally upregulated during the initial adhesive contacts between the blood-borne cell and the BM endothelium, i.e., during the short period of cell rolling on the blood vessel wall. LFA-1 binding to endothelial ICAM-1 is the major adhesive interaction that mediates the firm arrest of leukocytes on vascular endothelium (54) (55) (56) . ICAM-1 may therefore play a crucial role in the establishment of firm arrest of stem cells rolling on BM endothelium (51) . Our recent studies have implicated both VLA-4 and LFA-1 in human CD34 + cell homing to murine BM of SCID/NOD mice (Peled et al., manuscript in preparation). We have also recently identified a crucial role for the BM-derived chemoattractant SDF-1 in the engraftment of human CD34 + cells in murine BM (8) . Our present finding that SDF-1 is expressed at high levels on BM endothelium strongly suggests a potential role for this chemokine in stimulating firm integrin-dependent adhesion of circulating CD34 + cells to the BM microvasculature. Chemokines are expressed by vascular endothelium at sites of inflammation and lymphoid organs through association with heparan sulfate proteoglycans (50, (57) (58) (59) (60) . The immunohistochemical staining of SDF-1 on BM sections suggests that the chemokine is produced by BM EC rather than being secreted by the extravascular BM tissue. It is likely that presentation of Immobilized SDF-1 stimulates CD34 + cell adhesion to VCAM-1. (a) Accumulation of CD34 + cells or PBL on sVCAM-1-coated substrates at 0.75 dyn/cm 2 , and resistance to detachment of accumulated cells by incremented shear stresses. (b) Effect of soluble (1 µg/mL) or immobilized SDF-1 or MIP-1α (co-coated at 2 µg/mL with sVCAM-1) on the accumulation of CD34 + cells at 0.75 dyn/cm 2 and on the resistance of accumulated cells to detachment by elevated shear forces. (c) Inhibition by pertussis toxin (PTX) of SDF-1-triggered firm adhesion of CD34 + cells to sVCAM-1 alone or coated together with 2 µg/mL of SDF-1. In b and c, sVCAM-1 was coated at 2 µg/mL and 5 µg/mL, respectively. this chemokine by vascular proteoglycans helps to retain the chemokine on the walls of the BM vessels, preventing it from being washed away by blood flow (57) . In fact, SDF-1 associates at high affinity with heparan sulfates (61) . The chemokine clustering induced by these scaffolds may also potentiate the rapid signaling by the chemokine receptor that is required to trigger integrin activation on cells that are tethered to or rolling on the vascular endothelium under shear flow. The major role established in this study for SDF-1 displayed on stimulated EC, or in the context of surface-immobilized ICAM-1 and VCAM-1, is the induction of cellular arrest and firm adhesion of CD34 + cells to these ligands ( Figures 5-7) . Notably, although chemoattractants were reported to trigger integrin adhesiveness both in their soluble and surface-bound forms (19, 41, (62) (63) (64) (65) , we found that SDF-1 could upregulate integrin adhesiveness of CD34 + cells only when immobilized on the adhesive surface. SDF-1 lacked adhesive activity on its own; all its proadhesive effects involved coupling of G-protein signaling to integrin activation. Interestingly, pre-exposure of CD34 + cells to soluble SDF-1 did not stimulate VLA-4 or LFA-1 adhesiveness, regardless of the time course of cell exposure to the chemokine (0.5-5 minutes). It is unlikely that desensitization or internalization of SDF-1 receptor CXCR4, induced by the soluble chemokine, was responsible for this finding. CXCR4 desensitization by soluble SDF-1 occurs over minutes (data not shown), much more slowly than integrin activation by chemokines. Immobilized chemokines have been noted to activate integrin adhesiveness within subseconds of cellular contact (64 and Grabovsky et al., manuscript in preparation). Therefore, chemokines expressed at high localized density within the contact zone of the cell and the adhesive surface appear to trigger integrin-mediated adhesion more efficiently than do their soluble analogues. The ability of immobilized (but not soluble) SDF-1 to rapidly augment integrin adhesiveness of CD34 + cells within restricted contact zones also raises the intriguing possibility that SDF-1 must be juxtaposed to integrin ligands within these zones (48) .
Our results predict that SDF-1 is a key, if not an exclusive, stimulant of human stem cell adherence to EC in the BM microvasculature. SDF-1 is the most potent proadhesive chemokine known to act on CD34 + cells (66, 67) . Our study failed to demonstrate proadhesive effectiveness comparable to VLA-4 or LFA-1 activation on CD34 + cells by other weak HPC chemoattractants such as MIP-3β, MIP-1α, or the HPC stimulant platelet activating factor (39, 68, 69) under identical experimental conditions (Figure 6b and data not shown). Although stem cell factor -a potent HPC cytokinecan modulate integrin-dependent CD34 + cell migration and adhesion (67) , it was incapable of rapidly triggering CD34 + cell adherence to ICAM-1 or VCAM-1 under shear flow when coimmobilized with these ligands. Also, we could not detect any proadhesive activity of chemokines produced in culture by TNF-activated HUVEC. Nevertheless, it is possible that unidentified BM-derived chemokines or cytokines synergize with SDF-1 in triggering integrin adhesion of CD34 + cells to the BM endothelium. Alternatively, these cytokines may contribute to postadhesion strengthening events of human CD34 + progenitors, such as cell spreading on the BM EC and diapedesis. Cells were perfused at 1 dyn/cm 2 for 45 seconds and then subjected to incremented shear stresses as described in Methods. The number of cells accumulated on the different HUVEC monolayers under the indicated experimental conditions was determined in 4 representative fields of view. Accumulated cells were divided into 2 categories: firmly arrested cells were cells that came to full arrest during accumulation at 1 dyn/cm 2 and remained bound and stationary throughout the detachment assay (i.e., at a shear stress of 15 dyn/cm 2 ). Rolling cells were defined as cells that continued to roll on the HUVEC monolayer immediately after tethering at 1 dyn/cm 2 , or cells that began to roll on the EC at elevated shear stresses and either remained adherent or moved from the field of view. The fractions of arrested or rolling cells among the cells initially accumulated in the field of view are shown in the stacked bars. (b) Resistance to detachment by shear flow of CD34 + cells accumulated at 1 dyn/cm 2 on TNF-activated HUVEC. The absolute number of cells accumulated during 1 minute at Our results suggest that the presence of either Pselectin or E-selectin is necessary for human CD34 + cells to initiate primary adhesion under flow, extending recent in vivo data on the central role of selectins in murine HPC rolling on BM vasculature (4). Although VCAM-1 has been implicated in primary murine HPC adhesion to BM, VCAM-1 alone or on stimulated HUVEC supported initial human CD34 + cell tethering with much lower efficiency than did E-selectin or Pselectin. In the presence of SDF-1, however, the ability of VCAM-1 to tether cells in physiological flow was significantly increased ( Figure 6 ). In contrast, ICAM-1 alone or on stimulated HUVEC could not tether CD34 + progenitor cells under physiological shear flow, even when coimmobilized with SDF-1. These results implicate the endothelial selectins as the major adhesion receptors that control the initial tethering and rolling adhesions of human CD34 + cells on vascular endothelium. LFA-1 plays no role in primary adhesion, whereas VLA-4 plays a secondary role in promoting initial tethering or rolling, depending on the density of VCAM-1 or SDF-1 on the adhesive surface. Interactions between VLA-4 and VCAM-1 may work in parallel with the endothelial selectins in stabilizing rolling adhesions, particularly at sites where selectin expression is low. Our in vitro study also revealed that E-selectin supports considerably slower rolling of CD34 + cells than does Pselectin when both selectins are present at identical densities on an adhesive substrate. This observation is reminiscent of the slower E-selectin-mediated leukocyte rolling seen in various in vivo and in vitro settings (37, (70) (71) (72) . E-selectin-mediated rolling has recently been shown to facilitate stable integrin-dependent leukocyte adhesion to inflamed microvascular endothelium (72) . The slower E-selectin-mediated rolling of CD34 + cells may play a similar role, facilitating temporary arrest of CD34 + cells on the EC until complete stimulation of their integrins is successfully accomplished. This specialized role of E-selectin, and possibly of CD44, may be particularly important at sites that lack high levels of integrin ligands. Although we have demonstrated the ability of CD44 expressed on CD34 + cells to support slow rolling adhesion to its major ligand, hyaluronate, the presence and density of this ligand on BM EC must be further investigated. Both CD34 + cell subsets and the BM microvasculature vary in their expression of functional vascular counter-receptors (3, 4) . Further studies will be required to elucidate the significance of the dynamic in vivo specialization between E-selectin, Pselectin, CD44, and VLA-4 revealed in the present study.
VLA-4 occurs in several activation states on resting leukocytes and contributes to tethering, rolling, and firm adhesion to VCAM-1 (38, 73, 74) . We found the VLA-4 of resting CD34 + cells to require a high density of VCAM-1 to support initial tethering under physiological shear flow. VLA-4 also supported weak rolling of human CD34 + cells on HUVEC-expressing VCAM-1 (Figure 7 ) in the absence of functional endothelial selectins. Recent reports have consistently implicated VLA-4 as an important rolling receptor of murine HPC on vessel walls expressing VCAM-1, but its contribution to HPC rolling and homing to BM has been shown to be much more pronounced in the absence of endothelial selectins (4, 5) . Our demonstration of the dramatic proadhesive effect of SDF-1 coimmobilized with VCAM-1 on a surface argues that endothelial SDF-1 may also contribute to in vivo VLA-4-mediated rolling of murine HPC in BM microvasculature (4) . Further studies will be necessary to test this intriguing possibility -that SDF-1 may augment not only VLA-4-mediated arrest of HPC on BM endothelium, but may also regulate VLA-4 rolling on endothelial VCAM-1.
Several chemokines, including SDF-1, have recently been shown to convert L-selectin-mediated rolling of T lymphocytes on endothelial ligands into firm LFA-1-dependent arrests on ICAM-1 (60, 64) . Our observations support the idea that SDF-1 can also promote firm LFA-1-dependent arrests of PBL tethered and rolling on P-selectin or E-selectin ( Figure 5 ). Notably, PBL and CD34 + responded with comparable efficiency to SDF-1 stimulation of their integrin adhesiveness under identical experimental conditions. The repertoire of endothelial selectins and integrin ligands constitutively expressed by BM endothelium resembles that induced at sites of chronic inflammation, although the composition of chemokines produced at these sites is different than that of the BM (51) . Although our results predict that subsets of CD34 + cells may roll on inflamed vessels, they may fail to arrest on inflamed endothelia due to insufficient chemokine stimulation. On the other hand, PBL subsets such as skin-homing lymphocytes, as well as monocytes, express high levels of ligands to E-selectin and P-selectin (24, 75) . These mononuclear cells are responsive to SDF-1 (76) and express high levels of VLA-4 and LFA-1, and may therefore successfully arrest on BM endothelium. The failure to detect mononuclear cell recruitment to BM may reside in the inability of these cells to either extravasate through the BM endothelium or migrate through the BM microenvironment. However, our study raises the intriguing possibility that subsets of mononuclear cells that express high levels of SDF-1 receptors may successfully adhere to BM endothelium. The physiological implications of such adherence remain to be elucidated.
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